INTRODUCTION
Upon growth of E. colt cells in minimal medium containing long-chain fatty acids (C 12-C 18: 1) the products of the fadL (50 min), fadD (24 min), fadE (5 min), fadAB (85 min) and aceBAK (90 min) genes and operons are coordinately induced (reviewed in reference 1). These hydrophobic compounds enter the cell by a protein-mediated translocation step involving the products of at least the fadL and fadD genes (2, 3, 4) . The product of the fadL gene is located on the outer membrane where it appears to act as a receptor for longchain fatty acids (5) . The fadD gene encodes fatty acyl-CoA synthetase (6) . Due to the coupled transport and activation processes, the main pool of long-chain fatty acids within the cell is in the form of fatty acyl-CoA rather than free fatty acids (7) . The fatty acyl-CoAs (06-C18: 1) may be degraded via l3-oxidation and thiolytic cleavage or may be converted to phosphatidic acid to be incorporated directly into phospholipids (8) . At least six additional enzyme activities (the products of the fadE, fadA, and fadB genes) are required to carry out these reactions which result in the release of one molecule of acetyl-CoA for each turn of the cycle (6-1 1). Acetyl-CoA produced by 13-oxidation of fatty acids can serve as a substrate for de novo synthesis of fatty acids and phospholipids or can be metabolized via the tricarboxylic acid cycle to serve as a carbon and energy source (12) . Growth on fatty acids or acetate as a sole carbon and energy source also requires the enzymes of the glyoxylate shunt which are encoded within the aceBAK operon (13, 14) . These enzymes allow the net assimilation of carbon from acetyl-CoA to replenish the dicarboxylic acids necessary for the biosynthesis of cellular components. The biosynthesis of fatty acids occurs by the condensation of acetyl-CoA with malonyl-CoA and subsequent chain elongation by the repeated addition of malonyl-CoA by the fatty acid synthetase complex and acyl carrier protein to form a -3-keto fatty acid derivative (8) . The fatty acids derived by de novo synthesis may be incorporated into phospholipids, glycolipids and lipoproteins (8) . Thus the enzymatic pathways of fatty acid degradation, acetate degradation and fatty acid biosynthesis are linked biochemically through several common intermediates including acetyl-CoA.
In addition to the biochemical links detailed above, fatty acid degradation fatty acid biosynthesis and acetate metabolism are coordinately regulated in E.
coli by the product of the fadR gene, FadR (6) . In fact, the FadR system appears to form a global control network as described by Gottesman for the cAMP-CRP system, the SOS system and the proteins involved in the heat shock response (15) . Spontaneous mutations infadR cause the constitutive expression of the fad structural genes. These mutants are isolated at a fequency of 1/ 106 by growth on minimal medium containing medium chain fatty acids as the sole carbon and energy source and map to 25.5 minutes on the E. coli genetic map (6, 16) . Medium-chain fatty acids are degraded by the same enzymatic machinery as long-chain fatty acids but do not serve as a carbon source. Transposon insertions infadR which cause highly polar effects and abolish gene expression also result in constitutive levels of the fadL, fadD, fadE, fadAB and aceBAK enzymes (1, 17, 18) . fadR+ supplied in trans on a F' episome (26) or a plasmid (1) is dominant to the mutantfadR in restoring the inducible phenotype to the mutant strain. This information suggests thatfadR is a negative regulator of the fad and ace regulon and that a long-chain fatty acid or a long-chain fatty acid derivative is the inducer. 7996 Further evidence suggesting that fadR controls the fad and ace genes at the level of transcription was provided by studies using operon fusions which place the structural gene forB3-galactosidase, lacIZ under the control of the fad or ace regulatory regions and promoters. fadR strains harboring (fadL-ac (20) , D(fadE-lacZ (19, 21) , c(fadAB-1aZ (21) , O(aceB-lacZ (22) , or b(aceA-lacZ) (22) have elevated levels of B-galactosidase activity as compared with fadRf strains whether or not long chain-fatty acids (and/or acetate in the case of ace-lacZ fusions) are present in the growth medium. fadR+ strains harboring the fusions have inducible levels of13-galactosidase. Therefore, FadR appears to be a trans-acting protein which controls fatty acid degradation and acetate degradation by decreasing the expression of the fad and ace structural genes. The regulation of the ace genes also involves the gene iciR. Strains carrying the ace-lacZ fusions and a mutation in icIR have elevated levels of 13-galactosidase (22) . Strains which carry both mutations, fadR and iIcR, have J3-galactosidase levels higher than strains with either mutation alone implying these regulators have an independent and additive effect (18, 22) . Therefore, transcriptional control of acetate metabolism by FadR and IclR is predicted to be complex.
The role of FadR in fatty acid biosynthesis is less well defined than its established role in the control of transcription of the fad and ace genes.
Strains which carry a mutation infadR are elongated as compared to wild-type strains when grown under conditions which favor rapid growth (ie. LB at 370C) (23) . The fadR cells often fail to septate and long filaments are formed. This morphological abnormality, which resembles that of thefts and env mutants (24) , is accompanied by a change in the phospholipid composition. fadR mutants synthesize significantly less unsaturated fatty acids than do wild-type cells (25) . This alteration is phenotypically asymptomatic unless the fadR strain also carries a lesion infabA, the structural gene for 13-hydroxydecanoyl-thioester dehydrase (26, 27 
MEiIODS
Bacterial strains and Media.
The E. coli host JM103 was used for M13 propagation (28) . Methods of phage growth and DNA isolation were as described by J. Messing (28) .
For analysis of the fadR phenotype strain LS1085 (fadR: :Tnl 0 (19)) was transformed with the plasmid of interest using standard CaC12 treatment procedures (29) . Transformants were selected on solid LB medium (30) containing~lOOg/ml ampicillin. Transformants were stippled to solid medium E (31) containing 0.0 1% leucine and 0.0 1% threonine and one of the following carbon sources: 50mM acetate; 5mM oleate in 0.5% Brij 58; or 5mM decanoate in 0.5% Brij 58. Growth on minimal medium containing decanoate (C 1:0) is indicative of the fadR mutation (6) . The fadR phenotype conferred by these plasmids was also evaluated by transformation of LS1 155, fadR::Th 1O/ kOfadA-laZ. This strain was generated as folows. The strain DC530 which carries fadA::Mu d (Ap, lac.Z)(21) was stabilized with XpL209 as described by Komeda and Ino (32) Figure 1 carrying progressive deletions were generated by restricting CD 1901 with the endonucleases Sstl and Xbal followed by ExoIII digestion as described by S.
Henikoff (33 (36) . For mapping of the 5' end offadR-specific RNA, the oligonucleotide 5'ATTCCAGATACTITCAA 3' complementary to bases 83-99 in Figure 2 was 5'end-labelled using polynucleotide kinase and 'y[32P1-ATP (as detailed in reference 35) and then mixed with 20Lg of RNA in 20 p11 of buffer containing 250mM KCI and lOmM Tris, pH8.0. The samples were heated to 800C then rapidly transferred to a heating block set at the indicated hybridization temperature, usually 390C, for at least two hours. The hybridization temperature was estimated using the formula of Wallace and Miyada (37 In previous work the fadR gene was cloned on a 1.3kb HinD III-EcoRV fragment (19) . This fragment was determined to contain the entire fadR gene based on the following criteria: fadR strains harboring this clone 1) no longer were able to grow on medium chain fatty acids as a sole carbon and energy source; 2) had inducible levels of fatty acid oxidation and enoyl-CoA hydratase; and 3) had inducible levels ofj3-galactosidase when the fadR strain also carried the operon fusion k0fad-laZ. Additionally, the cloned fadR gene relieved the requirement for unsaturated fatty acid supplementation offadRfabAtTs) strains at temperatures non-restrictive for the fbAtbs) allele. In the present study, I have determined the nucleotide sequence of the fadR gene using the Figure 1 . The complete nucleotide sequence of the 1.3 kb fragment encoding fadR is presented in Figure 2 .
There was determined to be only one large open reading frame (ORF) within this 1294 base pair DNA fragment capable of encoding a polypeptide with a molecular weight of 26 termination codon TAA at base pairs 751-753. This region is followed by a GC-rich region of dyad symmetry (estimated hairpin formation AG= -15.3) which may be sufficient for factor independent termination (39) . No other regions of extensive dyad symmetry predicted to form stable stem and loop structures were found.
Previous work employing maxicell analysis had identified a single polypeptide associated with wild-type fadR gene activity with an apparent molecular weight of 29,000 as determined by polyacrylamide-sodium dodecyl sulfate gel electrophoresis (19) . This estimation of molecular weight is in reasonable agreement with the molecular weight predicted from the DNA sequence to encode the fadR protein (26, 954 Figure 2 . The complete nucleotide sequence and derived amino acid sequence of fadR. The transcription initiation site is labeled + 1 and is delineated by a vertical arrow. The series of nucleotides closest to concensus for E. colt promoters are underlined and labeled -10 and -35.
The putative ribosome binding site is underlined and labeled SD. The region of dyad symmetry proposed to be the factor independent transcription terminator is marked by two convergent arrows. 8003 plates containing 1OOg/ml ampicillin. The fadR phenotype of the transformants was evaluated by replica plating to minimal media containing 5mM oleate (C18: 1) and ampicillin or 5mM decanoate (C 10) and ampicillin. In this case, cells carrying intact fadR on a plasmid will be able to grow on minimal media containing oleate but not minimal media containing decanoate. This is because long-but not medium-chain fatty acids can induce the expression of the fad enzymes. Inactivation of the negative regulatory gene, fadR, is required for growth on medium-chain fatty acids. As an additional test for the presence of fadR+, the plasmids were transformed into strain LS1 155, fadR::Th10/ XbfadA-lacZ, and the transformants were plated on MacConkey indicator plates containing 1% lactose and lOOjg/ml ampicillin. In the fadA-cZ fusion, the gene for.13-galactosidase is under the control of the fadA promoter.
Since fadR is inactivated in strain LS1 155 due to the presence of the transposon, .B-galactosidase activity is constitutive and the strain was red on the indicator plates. Transformants harboring plasmids which carryfadRtR were white on these indicator plates while transformants harboring plasmids with fad.R deletions or the vector alone were red. Based on these two independent methods used to characterize the fadR phenotyes, each of the plasmids constructed above except pCDi 14 carried an intact fadR gene. This is consistent with the predicted ORF. The only result which was somewhat surprising was that pCD 111 in which 110 bases of the 5' sequences are deleted also appears fadR+. This deletion therefore extends into the predicted -35 region of the fadR promoter as discussed below. This result may be explained if the deletion generates a sequence which may act as a promoter forfadR. Sequencing of CD2002 using a primer complementary to sequences upstream of the EcoRI site yields the following sequence: 5'-TTGTAAAACGA-N17-TATGAT-3. This construction maintains the predicted -10 region and yields a poor -35 region. Since the plasmid pCDi 11 is present in very high copy number within the cell, this construction may be sufficiently transcribed to give afadR+ phenotype. Deletions into the predicted coding region as in clones pCDi 14 described in this work and pACHinci and pACHH8 described previously (19) do not confer the wild-type fadR phenotype even in the multicopy condition.
Mapping of the 5'end of fadR mRNA.
The initiation site of transcription was determined using primer extension analysis. These Figure 2 has partial dyad symmetry and shows a number of nucleotide identities with the binding site of several well-characterized CAP-responsive promoters. This includes a sequence 5'AGTGA 3' infadR which is similar to 5TGTGA 3' suggested as a CAP concensus recognition sequence (42) . While there is extensive genetic and biochemical evidence that fadR-reponsive genes of the fad regulon and ace operon are subject to catabolite repression and require cAMP-CAP for full expression this is the first indication that fadR might be subject to similar controls. Predictions of protein structure from the derived amino acid sequence.
A single large ORF of 239 amino acids is predicted to encode the fadR protein. The derived amino acid sequence is given in Figure 2 . The codon usage for this polypeptide is similar to the codon usage for moderately expressed genes (44) including many E. coli regulatory genes (45) . There is no unusual clustering or extensive use of rare codons.
The fadR gene product has been previously characterized by classical genetic means as a diffusible protein which exerts negative control over fatty acid degradation and acetate metabolism by decreasing the transcription of the fad and ace structural genes (1) . Many E. coli regulatory proteins which exert their affects by binding to DNA share amino acid and structural identities over at least a 20 amino acid segment generally found near the amino 8006 terminus, termed the helix-turn-helix motif (46) (47) (48) . Amino acids 34-54 of the fadR peptide sequence presented in Figure 2 shows reasonable homology to the helix-turn-helix motif. This segment is: glu34-arg-glu-leu-ser-glu-leuile-gly-val-thr-arg-thr-thr-leu-arg-glu-val-leu-gln53 Structural predictions of this fadR peptide segments using the method of Chou (46) . Analysis of this segment by the method of Dodd and Egan (50) which estimates the occurence of each amino acid at each position relative to a master set of DNA-binding domains yields a low (6%) but significant probability that this peptide segment resembles the XCro DNA-binding domain. While this peptide sequence comparison only suggests a DNA-binding region within the fadR protein, it does provide a basis on which to design future studies to evaluate whether or not this segment of the fadR protein in particular is important in regulation of fadR-responsive genes and if this regulation is mediated by DNA-binding.
The method of Kyte 
